ABSTRACT The orientation of the light-chain region of myosin heads in relaxed, rigor, and isometrically contracting fibers from rabbit psoas muscle was studied by fluorescence polarization. Cysteine 108 of chicken gizzard myosin regulatory light chain (cgRLC) was covalently modified with iodoacetamidotetramethylrhodamine (iodo-ATR). Native RLC of single glycerinated muscle fibers was exchanged for labeled cgRLC in a low [Mg2"] rigor solution at 300C. Troponin and troponin C removed in this procedure were replaced. RLC exchange had little effect on active force production. X-ray diffraction showed normal structure in rigor after RLC exchange, but loss of axial and helical order in relaxation. In isolated myofibrils labeled cgRLC was confined to the regions of the sarcomere containing myosin heads. The ATR dipoles showed a preference for orientations perpendicular to the fiber axis, combined with limited nanosecond rotational motion, in all conditions studied. The perpendicular orientation preference was more marked in rigor than in either relaxation or active contraction. Stretching relaxed fibers to sarcomere length 4 ,um to eliminate overlap between actin-and myosin-containing filaments had little effect on the orientation preference. There was no change in orientation preference when fibers were put into rigor at sarcomere length 4.0 ,um. Qualitatively similar results were obtained with ATR-labeled rabbit skeletal RLC.
INTRODUCTION
Filament sliding and force production in muscle are generally assumed to be driven by a conformational change or working stroke in the globular head region of myosin while it is bound to actin during the cyclical interaction between the two proteins and ATP (A. F. Huxley, 1957; Reedy et al., 1965; H. E. Huxley, 1969; Lymn and Taylor, 1971; A. F. Huxley and Simmons, 1971 ; Rayment et al., 1993a) . Such a working stroke would necessarily involve a change in the orientation of all or part of the myosin head with respect to the fiber axis. This can be investigated by attaching a fluorescent, phosphorescent, or spin probe to a specific site on the head and measuring the orientation of the probe dipole with respect to the direction of an applied electromagnetic field. Such probes have usually been attached to the most reactive thiol, SHI or Cys 707, of the myosin heavy chain (Thomas and Cooke, 1980; Borejdo et al., 1979 Borejdo et al., , 1982 Cooke et al., 1982; Tanner et al., 1992; Ostap et al., 1995) . The active site of the myosin head has also been probed with nucleotide analogs (Yanagida, 1981; Crowder and Cooke, 1987) . These studies have demonstrated a high degree of order of dipole orientations in the absence of ATP (the rigor state, which is usually considered to correspond to the structure at the end of the working stroke). However, in both relaxed and actively contracting muscle the dipole orientations were disordered, and most studies have failed to detect any oriented population of dipoles distinct from that in rigor. Acetamidotetramethyl-rhodamine (ATR) probes on Cys 707 do show large differences in orientation between contraction and rigor (Burghardt et al., 1983) , but this probe may report a local structural change associated with nucleotide binding rather than a global change in head conformation associated with force generation (Tanner et al., 1992) . This probe does not change orientation during the rapid force recovery that follows a submillisecond shortening step (Berger et al., 1994) .
These negative results suggest that most of the catalytic domain of the myosin head, containing Cys 707 and the actin-binding and active sites, does not undergo a largescale orientation change during force generation. However, they do not exclude models for the working stroke involving internal bending of the head, in which only the light-chain region, farthest from actin, undergoes a large change in orientation (Cooke, 1986; Thomas, 1987; Vibert and Cohen, 1988) . Such models are consistent with the crystal structure of the myosin head (Rayment et al., 1993b) , which shows that the light-chain region could act as a lever arm, converting relatively small-scale structural changes in the catalytic domain to movements of several nanometers at the head-rod junction.
This type of model for the working stroke can be tested with probes on the light-chain domain. The regulatory light chain (RLC) is readily removed from permeabilized muscle fibers (Moss et al., 1982) and can be replaced by RLC that has been covalently modified with a suitable probe molecule Hambly et al., 1991 Hambly et al., , 1992 . We used this approach to introduce ATR-labeled RLC into glycerinated rabbit psoas fibers and measured dipole orientations by steady-state fluorescence polarization. For most of the experiments we used chicken gizzard RLC because it contains only one thiol group (Cys 108), and therefore specific labeling is easily achieved. The main experiments were repeated with rabbit skeletal RLC, which has two thiols (Cys 127 and Cys 156; Matsuda et al., 1977) . This paper describes the experimental approach and some of its limitations, and its application to steady-state orientations of the RLC probes in relaxation, rigor, and isometric contraction. An accompanying paper (Allen et al., 1996) describes time-resolved measurements of the changes in orientation of the same light-chain probe accompanying initiation of active contraction or relaxation induced by photolysis of caged ATP. The orientation changes of the RLC probes produced by submillisecond-length steps have been described elsewhere (Irving et al., 1995) .
MATERIALS AND METHODS

Preparation of ATR-labeled regulatory light chains
Chicken gizzard myosin regulatory light chain (cgRLC) was either isolated from gizzard as described by Jakes et al. (1976) or, in later experiments, expressed in Escherichia coli (Rowe and Kendrick-Jones, 1992 (Penefsky, 1977) of Sephadex G-50 (Pharmacia) equilibrated with this solution, and left for 1 h at room temperature to ensure complete reduction of thiol groups. It was then passed through another G-50 minicolumn equilibrated with labeling buffer (100 mM potassium propionate (KPr), 20 mM sodium phosphate (NaP1), pH 6.5). Iodo-ATR from a stock solution (20 mM in dimethylformamide) was added to 200 ,uM final concentration, and labeling proceeded at room temperature in the dark for 36 h. Labeling was terminated by the addition of 2 mM DTT, and unbound iodo-ATR was removed by centrifuging through G-50 minicolumns equilibrated with extract solution (50 mM KPr, 20 mM EDTA, 10 mM potassium phosphate (KPj), 0.5 mM DTT, pH 7.0). The final concentration of labeled RLC in extract solution was approximately 0.5 mg/ml.
Rabbit skeletal muscle RLC (rsRLC) was prepared from the back and leg muscles of male Dutch rabbits by DTNB (5,5'-dithio-bis-2-nitrobenzoic acid) isolation (Wagner, 1982) and labeled using the protocol described above for cgRLC. rsRLC has two cysteine residues at positions 127 and 156. The former is likely to be more reactive toward iodoacetamidoderivatives (Katoh and Lowey, 1989) , but both thiols may be labeled to some extent in the present protocol. Stoichiometry of labeling for ATR-conjugated RLC was estimated by measuring concentrations of ATR, assuming an extinction coefficient of 97,000 M-l cm-1 at 549 nm as measured for the 5' isomer of ATR , and of RLC, using the bicinchoninic acid (BCA) assay (Pierce, Oud-Beijerland, The Netherlands). For chicken gizzard RLC the estimated stoichiometry was 0.36 ± 0.06 (mean ± SEM for six labeled batches); for rabbit skeletal RLC it was 0.46 ± 0.09 (n = 2).
Preparation of myosin subfragment-1 containing ATR-labeled RLC Mg-papain subfragment 1 (S-1) was prepared by the method of Margossian and Lowey (1982) . An aliquot of 10 mg/ml S-1 in extract solution was mixed with an equal volume of 1 mg/ml ATR-labeled cgRLC in extract solution and incubated in the dark at 30°C for 30 min. The proteins were then exchanged into 5 mM MgCl2, 60AmM NaP, pH 6.0, using a centrifuge column as described above. Labeled RLC not bound to S-l was removed by the addition of 1/10 volume of DE52 resin (Whatman), to which it bound, leaving the S-I in solution. After centrifugation to pellet the DE52, the supernatant was dialyzed against rigor solution (130 mM KPr, 2.2 mM magnesium acetate (MgAc), 2.5 mM dipotassium ethyleneglycolbis-(aminoethylether)-tetra-acetic acid (K2EGTA), 10 mM imidazole, ionic strength 150 mM, pH 7.0).
Preparation of fibers for RLC exchange
Single fibers were dissected from glycerinated rabbit psoas muscle fiber bundles prepared as described by Peckham and Irving (1989) . Fiber segments 2-4 mm in length had aluminium T-clips crimped to both ends and were transferred to a 40-j,l glass trough on a temperature-controlled (10°C) microscope stage containing relaxing solution (80 mM KPr, 7 mM MgAc, 5 mM K2EGTA, 5 mM Na2ATP, 5 mM phosphocreatine (PCr), 25 mM imidazole, ionic strength 159 mM, pH 7.0, at 10°C). The fibers were suspended between two hooks, one of which was attached to a force transducer (AE801; Aksjeselskapet Mikro-elektronikk, Horten, Norway). The stage held five 40-t,l glass troughs that could be rotated to change the solution bathing the fiber (Sleep, 1990) . Sarcomere length and fiber diameter were measured using a 32X objective (Leitz L32, N.A. 0.40) and ocular micrometer, and hook separation was adjusted to set sarcomere length to 2.4 ,um. The copper microscope stage was cooled by cold nitrogen gas or warmed by a closely opposed quartz halogen lamp. Trough temperature was controlled to ±0.1°C by varying the flow of cold nitrogen gas or the lamp current. Fibers were activated by transfer to a trough of preactivating solution (7 mM MgAc, 5 mM Na2ATP, 0.2 mM K2EGTA, S mM PCr, 25 mM imidazole, 90 mM KPr, ionic strength 155 mM, pH 7.0) followed by activating solution (40 mM KPr, 7 mM MgAc, 10 mM CaEGTA, 5 mM Na2ATP, 10 mM PCr, 25 mM imidazole, ionic strength 150 mM, pH 7.0) for measurement of isometric force production at 10°C. Fibers were then returned to relaxing solution before RLC exchange.
Exchange of ATR-labeled RLC into muscle fibers
Preliminary experiments used the protocol of Moss et al. (1982) , which involves removal of native RLC in an EDTA rigor extraction solution for 2 h at 300C followed by incubation in exogenous RLC in relaxing solution. We subsequently found that the same degree of RLC exchange could be achieved with the briefer protocol described below, and this protocol was used for all of the experiments presented in the Results.
After isometric force measurement as above, the fiber was put into rigor in extract solution (50 mM KPr, 20 mM EDTA, 10 mM KPi, 0.5 mM DTT, pH 7.0) at 10°C and then transferred to a solution of labeled RLC (approximately 0.5 mg/ml in extract solution), and the temperature was raised to 30°C for 30 min. The temperature was reduced to 10°C, and the fiber was washed briefly in relaxing solution, then incubated in troponin (0.5 mg/ml in relaxing solution, 10°C, 40 min) and troponin-C (0.5 mg/ml in relaxing solution, 10°C, 5 min) to replace these proteins removed during the RLC exchange step. Rabbit skeletal muscle troponin was purchased from Sigma; troponin C was prepared by the method of Greaser and Gergely (1971) . The fiber was activated as before, and the isometric force was compared to the pre-exchange value.
Binding of myosin subfragment-1 to muscle fibers
Single glycerinated psoas fibers were mechanically skinned with electrolytically sharpened tungsten needles to facilitate entry of myosin S-1 (Peckham and Irving, 1989) Fluorescence intensities from the capillary were also used to obtain isotropic polarization ratios from ATR-labeled RLC in solution and to estimate the extent of RLC exchange in the fiber (see below). Background fluorescence intensity (no sample present) was subtracted from all sample measurements. In the case of fibers, the small autofluorescence intensity was measured from the unlabeled fiber before RLC exchange and subtracted. After correction for background intensity and instrumental gain factors the polarized fluorescence intensities due to the fiber (mIn) were used to calculate the conventional fluorescence polarization ratios: Irving (1996) and the orientation distributions described below, to give a good approximation to total fluorescence intensity for the largely disordered and partly mobile array of ATR dipoles present in relaxed muscle fibers. The cross-sectional areas of capillary or fiber illuminated were estimated as 2r2(a + sin a cos a) where sin a = alr and r = fiber or capillary radius, a = radius of illuminating spot (24 ,um, sr) . Rabbit psoas fibers used in this study had a mean diameter of 72 ± 2 ,um (mean ± SEM, n = 60). The percentage RLC exchange was estimated as 48 ± 5% (mean ± SEM, n = 27) for cgRLC; and 28 ± 8%
(n = 6) for rsRLC. The extent of RLC exchange was found to increase with increasing concentration of RLC in exchange solution and with decreasing fiber diameter.
Measurements of fluorescence intensity were made at three positions along each fiber in each solution, after tension had stabilized in the case of rigor or activation. Typically, measurements were taken for each fiber at least twice in relaxing and rigor solution in the following order: relaxing, rigor, relaxing, rigor, relaxing. Measurements of polarization ratios were found not to vary significantly between initial and subsequent solution changes (see below, Table 1 ), and the values reported in the part of the Results section after Table 1 are means of all measurements in relaxing or rigor solution in each fiber. Measurements from isometrically contracting fibers were made in a single activation for those fibers tested. In some experiments photobleaching of labeled fibers was reduced by the addition of 5 mM ascorbic acid or 0.1% 2-mercaptoethanol, 10 mM glucose, 0.1 mg/ml glucose oxidase, 0.023 mg/ml catalase (Kishino and Yanagida, 1988) ; these agents had a negligible effect on measured polarization ratios.
Exchange of ATR-labeled RLC into myofibrils Myofibrils were prepared from fresh rabbit psoas muscle by the method of Knight and Trinick (1982) and stored at 40C in rigor solution. An aliquot of myofibrils was washed several times in ice-cold rigor solution, and RLC was then extracted by incubation in extract solution at 300C for 15 min. The myofibril suspension was centrifuged, the supernatant discarded, and the myofibrils incubated in 0.5 mg/ml ATR-labeled cgRLC in extract solution for 15 min at 300C. Myofibrils were again washed in ice-cold rigor solution, then incubated in 0.5 mg/ml troponin in rigor solution for 15 min and in 0.5 mg/ml troponin C in rigor solution for 5 min. After further washing in rigor solution the labeled myofibrils were examined and photographed using an Axiovert 35 fluorescence microscope with a 10OX plan Neofluor objective (1.3 NA).
X-ray diffraction of RLC-exchanged fibers
Low-angle x-ray diffraction patterns were recorded at station 2.1 of the (3) Synchrotron Radiation Source (SRS), Daresbury, England, using a monochromator-mirror camera and gas-filled two-dimensional detector (Towns-(4) Andrews et al., 1989) . Bundles of three to nine psoas fibers were mounted
(1) When fibers were put into rigor PI, decreased and P1 increased; this change was repeatable and fully reversible on subsequent relaxation (Table 1) . In rigor the perpendicular orientation preference of the ATR emission dipoles was more pronounced than in relaxation.
The greater difference between PI1 and P1 in rigor indicates either greater order of dipole orientations or a stronger preference for perpendicular orientations. The Q ratios, which depend on the orientation of the ATR absorption dipoles (see Materials and Methods, and Irving, 1996) , were similar to the corresponding P ratios (dependent on the orientation of the emission dipoles) in both relaxing and rigor conditions (Table 1 ). There was a small systematic difference of about 0.02 between the P and Q ratios, however, which may indicate either a small angle between absorption and emission dipoles or, more likely, a small instrumental error. Because the difference is small and the two polarization ratios give similar information about ATR orientations, we report only the P ratios in the remainder of the Results.
Qualitatively similar results were obtained with ATRlabeled rabbit skeletal RLC (rsRLC), the native RLC in these fibers. Table 2 shows mean values for both types of RLC in relaxing and rigor conditions. The values of PI, and P1 for cgRLC in Table 2 are slightly different from those in  Table 1 , reflecting the inclusion of results from more fibers, and the variability between different batches of labeled RLC and muscle fiber preparations. Despite this variability it is clear that the differences between rigor and relaxed P ratios were smaller for rsRLC than for cgRLC. Furthermore, the difference between PI, and P1 was smaller for rsRLC than cgRLC in both relaxing and rigor conditions (Table 2) , indicating a less pronounced preference for perpendicular orientations. The isotropic polarization ratio for rsRLC in solution, 0.248 ± 0.001 (two labeling batches), was slightly smaller than the value for cgRLC, 0.264 ± 0.008. rsRLC has two cysteine residues (127 and 156), and although residue 127 is expected to be more reactive with iodoacetamido derivatives (Katoh and Lowey, 1989) , both residues may be labeled to some extent in our experiments. This may be responsible for the less marked orientation preference of the ATR dipoles with rsRLC than with cgRLC, which has a single cysteine at position 108. However, the different probe location or differences in structure of the two light chains or their interaction with the myosin heavy chain may also contribute to the observed difference in P ratios.
Effect of sarcomere length on polarization ratios in relaxed and rigor fibers
The orientation change seen on putting relaxed fibers into rigor is abolished by pre-stretching relaxed fibers to sarcomere length 4.0 ,um to eliminate overlap between myofilaments (Table 3) . A small decrease in P1 accompanied the pre-stretch from sarcomere length 2.4 ,um to 4.0 ,um in relaxed fibers, and this was significant at the 5% level in paired comparisons. Little further change in PI, and P1 occurred when the fibers were put into rigor at sarcomere length 4.0 ,um, and neither of the rigor-relaxed paired differences at this sarcomere length were significant at the 5% level. The orientation distribution of ATR dipoles in both rigor and relaxing solution at sarcomere length 4.0 ,um is similar to that in relaxing solution at sarcomere length 2.4 Isometric contraction Isometric tension was hardly affected by the RLC exchange protocol. Tension after exchange of cgRLC was 93 ± 2% (n = 7) of the pre-exchange tension, and the corresponding value for rsRLC exchange was 91 ± 4% (n = 7). Polarization ratios in isometrically contracting fibers were similar to those during relaxation (Table 4) and clearly different from those in rigor (Table 1) . The paired differences (contracting-relaxed) show a small but repeatable decrease in P1 on activation for both cgRLC and rsRLC (Table 4 ). This small difference is in the direction opposite that of the change seen when relaxed fibers are put into rigor. Its origin is not clear, and a small effect of the opposite sign (i.e., toward the rigor value) is apparent in the comparison of the Q ratios after photolysis of caged ATP in the presence and absence of Ca21 at 20°C (table 3 of Allen et al., 1996) . Thus at present no clear effect on the polarization ratios can be attributed to active contraction per se. The distribution of RLC probe orientations is essentially the same during isometric contraction and relaxation. In both conditions there is likely to be a high degree of disorder of dipole orientations, which may be accompanied by restricted mobility of the dipoles on the nanosecond time scale.
X-ray diffraction of RLC-exchanged fibers X-ray diffraction studies of small bundles of psoas fibers into which ATR-labeled cgRLC had been exchanged were carried out to see if RLC exchange altered the native filament structure. In relaxed fibers the equatorial intensity distribution, which is sensitive to the positions of the myosin heads in the plane perpendicular to the filament axis, showed a strong inner (1,0) equatorial reflection and weaker outer (1,1) reflection, both before and after exchange ( Fig.  1 A, 20°C ). The ratio of the intensities of the (1,1) and (1,0) reflections, I(l,l)1I(l,0), was 0.32 in control bundles (Fig. 1 , continuous line) and 0.40 after exchange (dotted line). The reflections shifted toward the center of the pattern after RLC exchange, showing that the filament lattice had swollen by about 5%. In rigor the (1,1) reflection was much stronger than the (1,0) in both exchanged and control fibers ( Fig. 1  C) ; I(1,1)/I(1,0) was 3.53 in control bundles and 3.75 after exchange. The rigor lattice was also swollen after RLC exchange, by about 3%. The equatorial reflection intensity changes shown in Fig. 1 , A and C indicate that, both before and after RLC exchange, myosin heads were in the vicinity of the thick filaments and presumably detached from actin in relaxing conditions, and in the vicinity of the actin filaments and presumably attached to actin in rigor.
The meridional part of the x-ray diagram from control relaxed fibers (Fig. 1 B, continuous line) shows strong reflections from the axial periodicities of the thick filaments, at spacings of 21.5 nm (second-order myosin reflection, M2) and 14.3 nm (third-order myosin reflection, M3). These were much weaker after RLC exchange (Fig. 1 B, dotted line); the intensity of the 14.3-nm reflection was only about 23% of that in the control fibers. A similar reduction of intensity was observed for the myosin layer lines, which result from the helical order of the myosin heads; after exchange the intensity of the first myosin layer line, with a spacing of 43 nm, was about 35% of the control value (not shown). Thus either the exchange protocol or the presence of the labeled exogenous light chain disrupts the normal axial and helical order of relaxed fibers.
In contrast, RLC exchange had little effect on either meridional or layer line intensities in rigor. The intensity of the M3 meridional reflection at 14.5 nm after RLC exchange was 94% of the control value (Fig. 1 D) . The first actin layer line at a spacing of 37 nm also remained strong (not shown).
Location of ATR-labeled RLC in myofibrils
Fluorescence micrographs of myofibrils containing ATRlabeled cgRLC showed that the exogenous RLC is confined to the A bands of the sarcomere (Fig. 2) . Moreover, there was a dark band in the middle of each A band (arrows) corresponding to the position of the M-line or bare zone of the thick filaments where there are no myosin heads. These results are consistent with specific exchange of ATR-labeled RLC into the myosin heads. target protein domain, and absence of modification of native structure or function by the probe or the method used to introduce it. How does the present approach measure up to these criteria?
In the experiments reported above the ATR probe is covalently attached to a single cysteine residue, at least in the case of the gizzard RLC, and the labeled RLC is incorporated specifically into the myosin heads (Fig. 2) . However, a general problem with ATR probes has been the variability between different commercially available batches of iodo-ATR. In the course of the present work we discovered that different batches of iodo-ATR could give either a perpendicular or parallel orientation preference on RLC in rigor fibers. These differences are at least partly related to the presence of variable amounts of the 5-and 6-isomers of iodo-ATR. Pure iodo-ATR isomers have now been synthesized ) and used to label RLC (Sabido-David et al., 1994) . The results show that the two batches of iodo-ATR used in the present work (9B or 1OA from Molecular Probes) contained predominantly the 6-isomer.
Introduction of the ATR-cgRLC probe did alter the structure of relaxed, but not of rigor fibers, as judged by the low-angle x-ray diffraction patterns (Fig. 1) . The axial and helical ordering of the myosin heads, characteristic of relaxed rabbit psoas muscle at 20°C, was largely lost after RLC exchange. This suggests that the normal packing of the heads on the surface of the thick filament has been disrupted, so that the structure may be more like that of relaxed muscle at low temperature (Wray, 1987) . Consistent with this hypothesis, the polarization ratios from relaxed fibers showed no evidence of increased orientational order at higher temperatures. The loss of spatial order of the relaxed fibers at 20°C may be related to the use of gizzard RLC, the presence of the ATR probe, or some other effect of the exchange protocol. Whatever the detailed explanation, the orientational order may also have been affected by RLC exchange, so that the measured polarization ratios may not accurately represent the orientation distribution of native relaxed fibers at 20°C. There is no evidence for an effect of RLC exchange on the rigor structure (Fig. 1) . The effect of RLC exchange on the x-ray pattern from contracting fibers is unknown.
Functional modification by RLC exchange seems relatively minor. Isometric force was only slighdly reduced. The tension changes after photolysis of caged ATP in rigor fibers in the presence of Ca2' (Allen et al., 1996) and the tension transients after rapid length steps in actively contracting fibers (Irving et al., 1995) are -similar to those in control fibers. These results are broadly 'consistent with previous studies on functional effects of RLC removal and readdition (Moss et al., 1982; Moss, 1992; Lowey et al., 1993) , showing that normal function was regained on adding back the native RLC. These studies suggest that exogenous RLC can rebind to the myosin heavy chain in a functional conformation.
The general conclusion of this section is that the present ATR-RLC approach gives a useful but non-ideal probe of the orientation of the light-chain region of the myosin head in muscle fibers. Qualitatively similar results were obtained with the native rabbit RLC and chicken gizzard RLC, but the latter has the advantage that the ATR probe is attached to a single cysteine residue. Other probe sites and RLC exchange protocols must be explored to improve preservation of the structure of relaxed fibers.
Quantitative interpretation of the polarization ratios
The polarization ratios reported above were interpreted in terms of probe orientation distributions using the formalism described in an accompanying paper (Irving, 1996) . This allows the probes limited mobility on a time scale faster than the fluorescence lifetime, so that an individual probe may change its dipole orientation between absorbing and emitting a photon. The mobility was assumed to be confined to a cone of semi-angle 8, and wobble within the cone to be fast compared to the fluorescence lifetime. We also assumed that there is no fixed offset between the absorption and emission dipoles of rhodamine (Chen and Bowman, 1965) . This assumption was supported by the present results: the polarization ratio for rhodamine immobilized in epoxy was 0.475, close to the expected value of 0.5 for parallel absorption and emission dipoles, and the fiber P and Q ratios, which depend predominantly on the orientation of the emission and absorption dipoles, respectively, were similar (Table 1) .
Two simple models were used to describe the distribution of the orientations of the center axis of the cone with respect to the fiber axis. The first model assumes a fractionf of the cone axes are isotropically distributed and the remainder are at a fixed axial angle 0, as would result from a helical set of probes (Tregear and Mendelson, 1975 ). The second model assumes the axial distribution of cones is a gaussian function with peak angle 0O and dispersion o, i.e., the fraction of probes with axial angle 0 is proportional to exp -(,3-00)2/2o2&}sin (3, where polarized intensities were calculated by integrating over (3 between 0 and 1800. Thus in each model three parameters (8, 0, andf Irving, and Goldman) . Table 5 shows the fits to the polarization ratios from ATR-labeled cgRLC in relaxation, rigor, and isometric contraction obtained with the helix plus isotropic and the gaussian models, and 8 = 200. The fitted parameters for relaxation and isometric contraction are similar, as expected from Helix plus isotropic model: 0, orientation of the helically ordered fraction of probes with respect to the fiber axis; f, fraction of isotropically distributed probes. Gaussian model: O0, peak angle, and o-, dispersion, of the gaussian distribution of cone axes with respect to the fiber axis. In both cases 5, the semi-angle of the cone within which fluorophores diffuse freely on the time scale faster than the fluorescence lifetime, was set to 200. Relaxed and rigor values from mean polarization ratios in Table 2 ; contracting values from Table 4 .
the similarity between their respective P ratios. Likewise, the fitted parameters for rigor are close to those for exogenous myosin subfragment 1 (rigor/S-1). In all conditions studied there was a high degree of orientational disorder. In the helix plus isotropic model the isotropic fraction (f) was greater than 0.5, and in the gaussian model the dispersion (c) was greater than 250. In the helix plus isotropic model, the isotropic fraction (f) was substantially smaller in rigor or rigor/S-i than in relaxation or active contraction. However, the corresponding changes in dispersion (ar) in the gaussian model were relatively small, showing that conclusions about the degree of disorder based on a particular model for the orientation distribution should be treated with caution. The axial angle (0) of the helical fraction of probes in the helix plus isotropic model was consistently larger than the peak angle of the gaussian distribution (0O). Both 0 and 00 were higher in rigor or rigor/S-I than in relaxation or active contraction, but the difference was larger for O.. Broadly similar conclusions about the orientation distributions of the ATRcgRLC probes in relaxing and rigor conditions were derived from a separate set of measurements using a photoelastic modulator to measure the Q polarization ratios, which depend on the orientation of the absorption dipoles (Allen et al., 1996) .
The parameters in Table 5 were obtained with the semiangle of the wobble cone (8) set to 200, but are relatively insensitive to the value of 6 in the range from 110, the value that fits the isotropic polarization ratios for ATR immobilized in Araldite, to the values above which the orientation models failed to fit the fiber data for some experimental conditions. This upper limit was 6 = 230 for the gaussian model and 6 = 290 for the helix plus isotropic model. Orientation of the light-chain region of the myosin head in muscle fibers (Table 5 ) have some similarities with those reported for electron paramagnetic resonance (EPR) probes on rabbit skeletal RLC (mainly on Cys 125) in rabbit psoas fibers (Hambly et al., 1991 (Hambly et al., , 1992 . These EPR spectra could be fitted by two populations of probes, one isotropic and immobile on the nanosecond time scale, and the other moving with a rotational correlation time of about 5 ns within a cone of half-angle 350 at about 740 to the fiber axis.
In contrast, Arata (1990) , using a different EPR probe probably attached to Cys 157 of rsRLC, found an isotropic distribution of probes in rigor fibers when the labeled RLC was exchanged into the native myosin heads, but a welloriented population of probes with exogenous S-1. The divergent results may be related to the different probe sites or experimental protocols employed.
All of these studies found considerable orientational disorder of RLC probes in rigor. This might indicate disorder of the probes with respect to the light-chain region, as would be produced if the probes bound to the surface of the light-chain region with a broad range of conformations, even when tethered to a specific cysteine residue. In interpreting the polarization ratios we made the simplifying assumption (Irving, 1996) that probe motions are either very fast or very slow compared to the fluorescence lifetime (about 2 ns for ATR; Allen and Amer, 1995) . The fast motions were described by subnanosecond wobble in a cone of semi-angle 8, and any slow motions would contribute to the disorder terms f and a. In practice probe motions may occur on a time scale similar to the fluorescence lifetime and would then contribute to both the dynamic (8) and static (f and a) disorder terms in our interpretation.
Alternatively, the RLC probe disorder seen in rigor fibers and with S-1 decoration may reflect underlying orientational disorder of the light-chain region of the myosin heads. Some part of the myosin cross-bridge must be distorted to allow stereospecific binding at the actin-myosin interface in rigor, because the longitudinal periodicity of the actin binding sites does not match that of the myosin cross-bridge origins. A range of cross-bridge angles in rigor was observed in three-dimensional image reconstructions from electron micrographs of insect flight muscle (Taylor et al., 1989) . The RLC probes also show substantial orientational disorder in exogenous myosin subfragment 1 bound to the actin fiaments in fibers (Table 5 ), in the absence of any distortion due to the connection with the thick filaments. This may also reflect underlying disorder of the light-chain region of the myosin heads. In three-dimensional reconstructions from electron micrographs of actin filaments decorated with S-I containing a full complement of light chains, this region has low density, indicating that it is disordered (Milligan and Flicker, 1987) .
In contrast, probes on the Cys 707 of the myosin heavy chain, close to the nucleotide binding site, are well ordered in rigor for both native myosin heads and exogenous S-1 (Thomas and Cooke, 1980) . Comparison with the present results suggests flexibility in the rigor head between the catalytic domain of the myosin head and the light-chain region. Stretching rigor fibers changes the orientation of the ATR-cgRLC probes (Irving et al., 1995) , but not ATR probes on Cys 707 (Berger et al., 1994) , which is consistent with this hypothesis.
Relaxation
The ATR-RLC probes were highly disordered in relaxed fibers. Previous studies with RLC EPR probes found an almost isotropic distribution of probe angles during relaxation (Arata, 1990; Hambly et al., 1991) . The present results would be consistent with about 80% of the ATR-RLC probes being isotropically distributed in relaxed fibers (Table 5). Because the RLC exchange procedure resulted in substantial loss of the axial and helical order in the x-ray diffraction pattern from relaxed fibers (Fig. 1) , some of the observed probe disorder may have been introduced by the RLC exchange. Furthermore, the orientation of the ATR-RLC probes was found to be insensitive to variation in temperature of relaxed fibers in the range 5-20°C, in contrast with the large changes in the x-ray diffraction pattern observed in these conditions (Wray, 1987; Lowy et al., 1991) . The RLC exchange disrupts the helical tracks of myosin heads on the surface of the thick filament that are normally present at 20°C, and the resulting structure may be more like that of normal relaxed muscle at 5°C. Further experiments are required to characterize, and possibly reduce, the effects of RLC exchange on myosin head conformation in relaxed muscle.
Probes on Cys 707 and at the nucleotide binding site are also highly disordered in relaxed muscle (Thomas and Cooke, 1980; Crowder and Cooke, 1987; Reedy et al., 1992) . Such disorder may be present under conditions in which x-ray diffraction and electron microscopy indicate the usual regular arrangement of myosin heads (Reedy et al., 1992) . The dipole probes seem to be sensitive to types of disorder that are not readily resolved by x-ray diffraction or electron microscopy. Such types of disorder would include independent motion of small domains of the head, rotation of an elongated domain about its long axis (if the dipole axis were not parallel to the long axis), different conformations of the two heads of a myosin molecule, and the presence of a small population of actin-attached heads in relaxed muscle.
Isometric contraction
The polarization ratios from the ATR-RLC probes in isometrically contracting fibers were similar to those in relaxation, although there were small repeatable differences between the polarization ratios in the two conditions (Table 4 ). Small differences of the opposite sign were observed in comparing activation and relaxation produced by photolysis of caged ATP (Allen et al., 1996) . The origin of these small differences is not clear. They might be related to differences in concentrations of ATP and its hydrolysis products in the fibers or to small changes in filament orientation, rather than to active contraction per se. Whatever the origin of these small changes, they have little effect on the fitted orientation distributions, which would be consistent with about 80% of the probes being isotropically distributed, as during relaxation (Table 5 ). EPR probes on RLC also show a high degree of orientational disorder during active contraction (Hambly et al., 1992) .
It is not known whether the conformation of myosin heads in contracting muscle has been affected by RLC exchange, but isometric force and tension transients after photolysis of caged ATP (Allen et al., 1996) or rapid length steps (Irving et al., 1995) seem unaffected. Thus any structural changes produced by RLC exchange do not seem to have significant effects on the contractile mechanism.
During active contraction myosin heads perform ATPase cycles asynchronously, so all of the structural states in the cycle contribute to the orientation distribution observed in the present experiments. The multiplicity of states may be responsible for some of the observed orientational disorder. Other sources of probe disorder may also contribute, as discussed above for rigor and relaxing conditions. There was no evidence of the rigor-like orientation distribution appearing during isometric contraction, although a small fraction of probes with this orientation could not be excluded by the present results.
The ATR-RLC probes are not completely isotropic in contracting muscle, and the residual order allows the method to be used to follow structural changes in the light-chain region of the myosin heads associated with mechanical perturbations such as rapid length steps (Irving et al., 1995) . Similarly, the characteristic differences in polarization ratios between rigor and either relaxation or activation allow the kinetics of movements of the lightchain region after photolysis of caged ATP to be determined, as described in an accompanying paper (Allen et al., 1996) .
